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Eukaryotic translation initiation factor 3 (eIF3) plays a
central role in protein synthesis by organizing the for-
mation of the 43S preinitiation complex. Using ge-
netic tag visualization by electron microscopy, we
reveal the molecular organization of ten human eIF3
subunits, including an octameric core. The structure
of eIF3 bears a close resemblance to that of the pro-
teasome lid, with a conserved spatial organization
of eight core subunits containing PCI and MPN
domains that coordinate functional interactions in
both complexes. We further show that eIF3 subunits
a and c interact with initiation factors eIF1 and eIF1A,
which control the stringency of start codon selection.
Finally, we find that subunit j, which modulates
messenger RNA interactions with the small ribo-
somal subunit, makes multiple independent interac-
tions with the eIF3 octameric core. These results
highlight the conserved architecture of eIF3 and
how it scaffolds key factors that control translation
initiation in higher eukaryotes, including humans.
INTRODUCTION
Human translation initiation factor 3 (eIF3) plays a central role
in assembling translation initiation complexes. Comprising 13
different subunits, named eIF3a to eIF3m (Zhou et al., 2008) (Fig-
ure 1A), eIF3 is the largest of the eukaryotic translation initiation
factors (800 kDa molecular mass). The importance of eIF3 in cell
homeostasis is reflected by the fact that misregulation of eIF3
subunit expression has been implicated in oncogenesis and
the maintenance of the cancerous state (Silvera et al., 2010). In-
teractions between eIF3 and other translation initiation factors
control the binding of the eIF2/Met-tRNAi/GTP ternary complex
to the small (40S) ribosomal subunit, positioning the messenger
RNA (mRNA) on the 40S subunit, and modulate the stringency of
start codon selection (Hinnebusch and Lorsch, 2012). Despite its920 Structure 21, 920–928, June 4, 2013 ª2013 Elsevier Ltd All rightsbiological significance, our mechanistic understanding of preini-
tiation complex formation remains limited because of the scar-
city of structural information. For example, little is known about
the molecular organization of eIF3, although it interacts with
most of the other initiation factors during translation initiation
(Hinnebusch and Lorsch, 2012). Our previous cryo-electron
microscopy (cryo-EM) reconstruction of endogenously purified
human eIF3 revealed a five-lobed structure with anthropomor-
phic features that binds to the platform of the 40S ribosomal
subunit (Siridechadilok et al., 2005). Remarkably, our three-
dimensional (3D) reconstruction of a bacterially reconstituted
octameric core complex of eIF3 showed it to be structurally
very similar to the native eIF3 (Sun et al., 2011). Intriguingly, the
eight subunits within the human eIF3 octameric core complex
are compositionally related to two other functionally unrelated
complexes: the COP9 signalosome and the 19S proteasome
lid. All three complexes contain six subunits bearing Protea-
some, COP9, eIF3 (PCI) signature domains (in eIF3 subunits a,
c, e, k, l, and m), and two subunits bearingMpr1–Pad1 N-termi-
nal (MPN) signature domains (in eIF3 subunits f and h) (Hofmann
and Bucher, 1998) (Figure 1A). The roles of the PCI and MPN
domains are not well understood, but the three-dimensional
reconstruction of the proteasome lid recently reported indicates
that the PCI domains serve as a central structural scaffold (da
Fonseca et al., 2012; Lander et al., 2012; Lasker et al., 2012).
The PCI/MPN core of eIF3 is also involved in binding to other
translation factors (Pick et al., 2009; Sun et al., 2011; Zhou et al.,
2008), suggesting also a scaffolding role, similar to the protea-
some lid subunits, which interact with the proteasome 20S par-
ticle (da Fonseca et al., 2012; Lander et al., 2012). For example,
the eIF3 PCI/MPN octamer binds to translation initiation factors
eIF1, eIF1A, and eIF2, as well as to the 40S ribosomal subunit
(Sun et al., 2011). Human eIF3 also interacts directly with the
hepatitis C viral (HCV) 50-UTR via an internal ribosome entry
site (IRES) to promote the translation of viral proteins in a cap-in-
dependent manner (Fraser and Doudna, 2007; Sizova et al.,
1998). We have recently shown that the eIF3 PCI/MPN octamer
exhibits similar binding capacities to the HCV IRES (Sun et al.,
2011).
Here, we present the cryo-electronmicroscopy reconstruction
of the reconstituted eIF3 PCI/MPN octamer. The Escherichia colireserved
Figure 1. 3D Reconstruction of the Human eIF3
Core Complex
(A) Subunit composition of human eIF3, arranged
according to prior mapping information (Sun et al.,
2011).
(B) Front, lateral, and back views of the cryo-EM
reconstruction of the eIF3 8-mer. Local resolution
estimation is indicated by the color scheme (see also
Table S1 and Figure S1).
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netic tags as labels for EM localization of all eight subunits of
the eIF3 PCI/MPN core, which together with the cryo-EM recon-
struction provides a complete architectural picture of the eIF3
core. When compared with the structure of the proteasome lid,
the present cryo-EM reconstruction of the eIF3 PCI/MPN core
reveals that they both share the same overall architecture and
PCI domain organization. Thus, our studies provide structural
understanding on the conservation of the PCI/MPN core in
eIF3, the proteasome lid, and the COP9 signalosome. We further
define the sites of interaction of the PCI/MPN core with two other
noncore subunits within eIF3 and with translation initiation
factors eIF1 and eIF1A, providing structural insight into eIF3
functions in regulating translation initiation.
RESULTS
Cryo-EM Reconstruction of the eIF3 PCI/MPN Core
Complex
We have previously reported a negative-stain 3D reconstruction
of the reconstituted eIF3 octamer core, which includes subunits
a, c, e, f, h, k, l, andm (Sun et al., 2011). Subunit a includes amino
acids 5–654, and subunit c includes amino acids 302–913
(denoted here as a* and c*, respectively). In order to improve
the reliability and resolution of eIF3 PCI/MPN octamer recon-
structions, we collected cryo-EM data of frozen hydrated
samples. Starting with 200,000 particle images, we obtained a
cryo-EM structure of the PCI/MPN with a resolution of 15 A˚
(Figure 1B; Figure S1 available online). As with the prior nega-
tive-stain EM reconstruction, the eIF3 PCI/MPN octamer bears
a striking resemblance to natively purified intact eIF3, containing
the full set of anthropomorphic features described for the native
complex: head, arms, and legs (Figure 1). This similarity between
complexes that differ 2-fold in mass (800 kDa versus 400 kDa for
native eIF3 and the octamer, respectively) strongly suggests that
large segments of the complex, beyond the more stable and
conserved PCI/MPN core, adopt multiple conformations that
result in averaging out of these components during image pro-
cessing. In the present cryo-EM reconstruction, local resolution
estimation shows that there are flexible elements even within the
eIF3 PCI/MPN octamer (Figure 1). Whereas the base of the com-
plex, comprising the bulkier legs and middle body segments,
reach a resolution of 14 A˚, the resolution for the left arm and
the head is limited to about 18 A˚.
Spatial Organization of PCI andMPN Subunits within the
eIF3 Core Complex
To determine the subunit architecture of eIF3, we took advan-
tage of our heterologous expression system in E. coli to generateStructure 21a number of modified complexes, each containing a tagged
version of one of the individual subunits fused to either
maltose-binding protein (MBP) or glutathione S-transferase
(GST) at their N termini (Figure S2). We subsequently localized
the MBP or GST tag for each of the purified complexes by direct
visualization of its extra density using negative-stain electron
microscopy and two-dimensional (2D) image processing (Fig-
ures 2A–2C). Using this approach, we were able to determine
the locations of the N termini of five PCI-containing subunits
(a, e, k, l, and m; Figure 2A) and one MPN-containing subunit
(h; Figure 2B), as well as two noncore components (d and j; Fig-
ure 2C). The precise position of the N terminus of subunit f could
not be unambiguously assigned because of the high mobility of
the tag (Figure 2B), likely owing to the presence of a flexible
region in its N-terminal domain. For subunit c*, which lacks the
first 301 amino acids in our reconstituted complex (Sun et al.,
2011), an N-terminal SUMO tag was used, but it could not be
detected, possibly due to either the small size of the SUMO
tag and/or flexibility of its attachment.
Based on the negative-stain images, the N termini of subunits
a and e extend from the left and right arms of eIF3, respectively.
Subunits k and l are localized to the right leg, whereas subunit m
is localized to the left leg. TheMPN-domain-containing subunit h
is positioned at the contact point between the legs, whereas the
N terminus of f, the other MPN-domain-containing protein in
eIF3, resides on the left side of the complex. Finally, we propose
that the headmodule of eIF3 is comprised of subunit c, based on
the fact that this is the only remaining density region.
To further validate how different subunits compare in relative
terms with the size of the assigned structural elements in the
3D reconstruction of the eIF3 PCI/MPN octamer, we used
Phyre2 to predict the folding of subunits a, c, and e (Kelley and
Sternberg, 2009). Interestingly, the crystal structure of the pro-
teasome lid subunit Rpn6 was predicted to be the top model
for all three eIF3 subunits (Figure S3). The Rpn6-based 3D struc-
tural model for subunit e derived from the Phyre2 homology
search fills in the cryo-EM density for the right arm of the PCI/
MPN octamer (Figure 3). However, the densities corresponding
to subunits a and c are somewhat larger than the Rpn6-based
structural models obtained from the Phyre2 homology modeling.
This is consistent with sequence alignments relative to Rpn6, as
both subunits a and c contain large insertions compared to Rpn6
(Figure S3). Furthermore, c* diverges from Rpn6 in alignment
near its N terminus (see red bars in Figure S3). Thus, in order
to fill the density regions within the EM reconstruction assigned
to subunits a and c, structural rearrangements of the Rpn6
crystal structure, together with incorporation of structural ele-
ments in these eIF3 subunits missing in Rpn6, need to be
assumed (Figure 3)., 920–928, June 4, 2013 ª2013 Elsevier Ltd All rights reserved 921
Figure 2. Architecture of the Core eIF3 Octamer Complex
(A–C) Subunit localization for eIF3 8-mer/9-mer by visualization of MBP or GST tags on specific subunits. (A) PCI-domain-containing subunits, (B) MPN-domain-
containing subunits, and (C) noncore subunits. A set of three representative reference-free 2D class averages are shown for each labeled subunit compared with
both a forward projection and a surface representation of the recombinant eIF3 8-mer (shown to the right of each set of class averages). The position of each
subunit based on the extra density due to the presence of the tag is indicated with an arrowhead. A schematic representation of each of the subunits showing the
position of PCI and/or MPN domains is shown above each set (see also Table S2 and Figure S2).
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Proteasome Lid
The conservation within the PCI family (which includes eIF3, the
proteasome lid, and COP9 signalosome or CSN) has been
reported both in terms of protein composition (Scheel and Hof-
mann, 2005) and overall architecture (Enchev et al., 2010; Pick
et al., 2009). To gain further structural understanding about
their shared subunit topology and architecture, we compared
the cryo-EM reconstruction of the eIF3 PCI/MPN octamer
with that of the proteasome lid (Lander et al., 2012). By
comparing the positions of the N termini of the eight subunits
in the PCI/MPN core, obtained from the above tagging experi-
ments, to the structural organization of the lid, we were able to
derive a self-consistent model for the eIF3 core complex (Fig-
ure 4A). In eIF3, subunits m, f, h, k, and l within the legs and
middle body occupy the same positions of the proteasome
lid proteins Rpn9, Rpn11, Rpn8, Rpn12, and Rpn3, respec-
tively. Subunits a, c, and e in eIF3 (left arm, head, and right922 Structure 21, 920–928, June 4, 2013 ª2013 Elsevier Ltd All rightsarm) correspond to Rpn5, Rpn7, and Rpn6, respectively.
Notably, in the proteasome lid complex determined by nega-
tive-stain EM in isolation, very little density is present in the
left arm, the location occupied by subunit a. However, upon
proteasome lid binding to the proteasome holoenzyme, Rpn5
extends outward toward the Rpn2 subunit in the proteasome
(Lander et al., 2012). This subunit rearrangement generates a
lid structure that is remarkably similar to that of the eIF3 PCI/
MPN octamer (Figure 4). The recently reported comparison be-
tween the CSN and the proteasome lid 3D reconstructions also
shows a common structural organization with the proteasome
lid (Enchev et al., 2012). Thus, recent studies, including this
present work, have solidly established the one-to-one subunit
correspondence within a common structural core for the lid,
eIF3, and CSN complexes.
In the proteasome lid, the six subunits containing PCI do-
mains, which are winged-helix folds with an adjacent a-helical
extension (Pathare et al., 2012; Wei et al., 2004), are arrangedreserved
Figure 3. Proposed Location and Structure of Subunits a, c, and e
within the eIF3 Cryo-EM Reconstruction
The atomic models of subunits a (green), c (blue), and e (purple) have been
fitted into the three-dimensional cryo-EM reconstruction of our reconstituted
eIF3 core. The red strings indicate the position of insertions according to
Phyre2 secondary structure predictions (see the Supplemental Experimental
Procedures and Figure S3).
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minal domains protrude. A very similar horseshoe-shaped region
of density present in the eIF3 PCI/MPN core complex, allows us
to dock the C-terminal PCI domains of the six PCI-containing
eIF3 subunits based on the model described for the proteasome
lid (Figure 4B). This result supports the proposed common scaf-
folding function of PCI domains in PCI-containing complexes.
The MPN-domain-containing subunits h and f would be posi-
tioned at the interface between the left and right legs. The crystal
structures of the MPN domains of both the lid subunit Rpn8
(Sanches et al., 2007) (Protein Data Bank [PDB] ID code 2O95)
and the COP9 signalosome subunit CSN6 (Zhang et al., 2012)
(PDB ID code 4E0Q) have been solved. The dimeric nature of
these structures led the authors to propose that the MPN
domains would act also as scaffolds. In agreement with this
idea, the close proximity of subunits h and f within eIF3 as well
as that of Rpn3 and Rpn8 within the proteasome lid further sug-
gests that these pairs of subunits could interact through their
MPN domains.
Role of eIF3 Subunits a* and c* in Translation Factor
Binding
Eukaryotic translation initiation factors eIF1 and eIF1A play crit-
ical roles in mRNA scanning (Pestova and Kolupaeva, 2002) and
start codon selection (Algire et al., 2005; Maag et al., 2005;
Martin-Marcos et al., 2011; Passmore et al., 2007). Both factors
bind to the 40S ribosomal subunit, as well as to other initiation
factors that form a multifactor complex (MFC) comprised of
eIF1, eIF2, eIF3, and eIF5 (Asano et al., 2000; Sokabe et al.,Structure 212012). Interactions between eIF1 or eIF1A and eIF3 have been
identified in yeast (Asano et al., 2000) and humans (Sokabe
et al., 2012; Sun et al., 2011). Interactions between eIF1 and
the N terminus of eIF3c (amino acids 60–137 in yeast) have
been shown to play a role in the stringency of start codon selec-
tion (Karaskova et al., 2012; Vala´sek et al., 2004). The N terminus
of eIF1A also binds to eIF3, affecting start codon selection (Olsen
et al., 2003). The eIF3 PCI/MPN octameric core used in this study
binds to both eIF1 and eIF1A, although the N terminus of eIF3c in
the reconstructed complex begins at amino acid 302. Further-
more, the sites of eIF1A binding to eIF3 have not been identified.
Based on the approximate positions of the N termini of a* and c*
within the eIF3 octameric core (Figure 2), these regions would
be located near the binding sites for mRNA and the eIF2/Met-
tRNAi/GTP ternary complex in the proposed model of eIF3
bound to the 40S ribosomal subunit (Siridechadilok et al.,
2005). We therefore wondered whether a* and c* might play a
role in the interaction of eIF3 with translation initiation factors
eIF1 and eIF1A (Sun et al., 2011). To test this idea, MBP-fusions
of eIF1 and eIF1A were used in pull-down experiments with a*c*
dimers and either a* or c* monomers alone. Both eIF1 and eIF1A
interact with the a*c* dimer (Figure 5A). Furthermore, eIF1 and
eIF1A individually interact with both the a* and c* monomers
(Figures 5B and 5C, respectively). These results suggest that
a* and c* may contribute to the functions of eIF1 and eIF1A in
mRNA scanning and start codon selection.
Multiple Sites of Interaction of Subunit j with the Core
of eIF3
In addition to eIF1 and eIF1A, the noncore eIF3 subunit j also reg-
ulates mRNA positioning in the mRNA binding cleft of the 40S
subunit (Fraser et al., 2007; Pisarev et al., 2007; Unbehaun
et al., 2004) and is also important for stabilizing interactions
between eIF3 and the 40S ribosomal subunit (ElAntak et al.,
2007; Fraser et al., 2004; Nielsen et al., 2006; Unbehaun et al.,
2004). In yeast, subunit j has been shown to interact weakly
with regions within a* (Vala´sek et al., 2001). Further studies
have identified a weak interaction between the N-terminal
domain of human subunit j and an RNA recognition motif
(RRM) domain in subunit b that is conserved in yeast, where it
promotes 40S subunit association and suppresses leaky scan-
ning (Elantak et al., 2010). However, the molecular interactions
of subunit j with the rest of eIF3 seem to have diverged in yeast
and humans. For example, human subunit j interacts with sub-
units f, h, and k, which are present in the PCI/MPN octameric
core of human eIF3 but are not present in yeast (Sun et al., 2011).
Our EM studies mapped the N terminus of eIF3j to the right
arm of eIF3 (Figure 2D). Additionally, subunit j has previously
been shown to interact directly with subunits within the eIF3
PCI/MPN core, including eIF3c, eIF3f, eIF3h, and eIF3k (Mayeur
et al., 2003; Sun et al., 2011), as well as with eIF3b (ElAntak et al.,
2007; Elantak et al., 2010). To further delineate elements of sub-
unit j required for PCI/MPN core binding, GST fusions to noncon-
tiguous segments of subunit j (Figure 5D) were used in native gel
shift binding assays. Notably, segments of eIF3j from both the N
terminus and C terminus are capable of independently binding to
the eIF3 PCI/MPN octamer (Figure 5E). Furthermore, the C termi-
nus of subunit j, which modulates mRNA interactions with the
40S ribosomal subunit (Fraser et al., 2007) is capable of binding, 920–928, June 4, 2013 ª2013 Elsevier Ltd All rights reserved 923
Figure 4. Conservation of the PCI/MPN Core
(A) Conserved architecture between eIF3 8-mer and proteasome lid. The 3D
reconstruction of the lid (colored by subunit) in its holoenzyme-bound state
(right column) is compared with that of the eIF3 8-mer (left column). Subunit
localization within the eIF core complex based on this comparison (and also on
the tagging experiments shown in Figure 2) is indicated. The same color code
for structurally equivalent subunits has been used for clarity.
(B) Six copies of the crystal structure of a PCI domain (PDB ID code 1RZ4) are
docked into the eIF3 octamer electron density (left), showing the same
horseshoe-shaped arrangement of the winged-helix domains as in the 26S
proteasome lid (right).
Structure
Architecture of Translation Initiation Factor 3subunits k and c* (Figure 5F). Taken together, the biochemical
and structural data indicate that eIF3j likely adopts an extended
conformation on the surface of eIF3 to allow it to contact multiple
subunits within the core and subunit eIF3b, as well as the mRNA
decoding site on the 40S ribosomal subunit.
DISCUSSION
The improved cryo-electron microscopy reconstruction of the
eIF3 core particle presented here, together with genetic tagging,
has allowed us to derive a model for the subunit architecture of
human eIF3. Using the present reconstruction and tagging
approach, we were able to locate the position of the six PCI-con-
taining, two MPN-containing, and two noncore subunits in eIF3.
The spatial organization of the subunits in the eIF3 core complex
is in agreement with mass spectrometry results that showed that
subunits a and c serve as bridges between subcomplexes or
‘‘modules’’ containing subunits h-f-m, which reside in the left924 Structure 21, 920–928, June 4, 2013 ª2013 Elsevier Ltd All rightsleg, and k-l-e-d, which comprise the right leg and arm (Zhou
et al., 2008). The positions of the subunits are also consistent
with limited proteolysis experiments that revealed the presence
of the eIF3 core subunits through their pattern of protection in
the presence of the HCV IRES (Cai et al., 2010).
The overall shape and subunit organization of the eIF3 core
complex remarkably resembles the 26S proteasome lid sub-
complex, in particular when the lid complex is seen interacting
with the rest of the proteasome. Previously reported compari-
sons between eIF3 and the proteasome lid complex based on
models at about 40 A˚ resolution, invoked removing densities
from the left and right arms of eIF3 to establish a one-to-one cor-
respondence between its structural elements and those of the lid
(Enchev et al., 2010). Interestingly, upon lid binding to the holo-
enzyme, the Rpn5 N terminus reorients, making this lid subunit
adopt the appearance of an extended arm resembling that of
subunit a in eIF3 (Lander et al., 2012). Our present comparison
shows, more clearly than ever before, that the eIF3 octameric
core and the 26S proteasome lid share a strikingly common
architecture. The comparison between the CSN complex (En-
chev et al., 2012) and the proteasome lid (da Fonseca et al.,
2012) also shows a common spatial organization in which the
PCI-containing proteins Csn1, Csn2, Csn3, Csn4, Csn7, and
Csn8 are positioned in a very similar fashion when compared
to the corresponding ones in either eIF3 or the proteasome lid.
Csn6 is also located in a similar region compared to its MPN-
containing counterparts. More interestingly, Csn5, the other
MPN-containing protein, is protruding and occupies a peripheral
location within the complex (Enchev et al., 2012). Thus, in
contrast with what we have previously described for eIF3 (Sun
et al., 2011), where both MPN subunits are required in order to
obtain a stable core complex (indicating their scaffolding role),
Csn5 is dispensable for assembly of the CSN complex.
We propose, based both on the pairwise identification of cor-
responding subunit domains by EM labeling of the proteasome
lid (Lander et al., 2012) and the core eIF3 (this work), and on
the direct docking of PCI domains within our cryo-EM recon-
struction of the octameric eIF3 core, that the C-terminal PCI
domains of subunits a, c, e, l, m, and k laterally interact to form
a horseshoe-shaped structure at the base of eIF3. This arrange-
ment in both subcomplexes strongly indicates a common scaf-
folding role of the PCI domains in PCI-containing complexes. It
is interesting to note that the MPN subunits f and h form a bridge
between the left and right legs, probably stabilizing the complex
and explaining why we were not able to overexpress and purify
an eIF3 subcomplex containing only the six PCI subunits. Inter-
estingly, previous studies for both the CSN and the proteasome
lid complexes (da Fonseca et al., 2012; Enchev et al., 2012) pro-
pose a spatial arrangement of the PCI domains in which only the
five PCI-containing subunits built up the horseshoe-shaped re-
gion. Further biochemical and structural studies will be needed
to determine whether this is the case for eIF3.
The densities attributed to subunits a, c, and e in the left arm,
head, and right arm extensions, respectively, correspond well to
the expected size of the a*, c*, and e subunits based on docking
of the homologous Rpn6 into the cryo-EM reconstruction.
Notably, the a* and c* arms are the most mobile elements in
the eIF3 core complex (Figure 1) and correspond to the regions
in closest proximity to the mRNA binding cleft of the 40S subunitreserved
Figure 5. Interaction of eIF3 Octamer Subunits with Translation Factors eIF1, eIF1A, and Subunit eIF3j
(A–C) Coomassie-blue-stained SDS gel showing eIF3a*c* dimer (A), a* monomer (B), and c*monomer (C) affinity purified usingMBP-tagged eIF1A, or usingMBP-
tagged eIF1. MW markers are shown in kilodaltons. Arrows indicate the position of MBP-eIF1A (lanes 1 and 3 in A to C) and MBP-eIF1 (lanes 4 and 6 in A to C).
Binding and washing conditions prevent nonspecific binding of the eIF3a*c*, a*, and c* to the MBP alone (lanes 7 and 8 in A to C).
(D) Schematic representations of GST fusions of full-length eIF3j and truncations GST-eIF3j3-50 GST-eIF3j103-258.
(E) Native agarose (1.2%) gel shift assays showing interactions between Alexa-546-labeled GST fusions of the eIF3j proteins in (D) and the indicated concen-
trations of eIF3 octamer.
(F) Native agarose gel shift with GST-eIF3j103-258 and 1 mM of octamer, eIF3k, or eIF3c*. The fusion protein does not enter the gel in the absence of eIF3.
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Architecture of Translation Initiation Factor 3in the context of the existing 40S/eIF3 model (Siridechadilok
et al., 2005). The position of subunit a in the left arm is also in
agreement with experiments in yeast showing that the N-termi-
nal domain of subunit a binds the small ribosomal protein
Rps0A, located near the mRNA exit pore (Ben-Shem et al.,
2011; Kouba et al., 2012; Rabl et al., 2011; Szamecz et al.,
2008). Interestingly, experiments also performed in yeast led
the authors to propose that the C-terminal domain of subunit a
would be positioned near the 40S mRNA entry channel (Chiu
et al., 2010). In light of our results, this C-terminal extension likely
folds back from the midbody of eIF3, where its PCI domain is
located, to reach the mRNA entry channel. In order for subunits
a and c to interact with eIF1 and eIF1A on the 40S platform, aStructure 21structural reorientation of both subunits would be required (Fig-
ure 6). This kind of rearrangement would not be surprising on the
light of the huge subunit movements observed in the highly
structurally related proteasome lid (Lander et al., 2012).
Although subunit j in eIF3 is conserved in both yeast and
humans, biochemical and genetic evidence suggest that the
details of its functions in translation have likely diverged. For
example, in yeast, both the N-terminal and C-terminal regions
of eIF3j are required for its tight association with eIF3 (Chiu
et al., 2010), whereas human eIF3j employs multiple interactions
to bind to the eIF3 octameric core (Figure 5E). Furthermore, the
C-terminal domain of yeast eIF3j is not required for wild-type
growth rates (Elantak et al., 2010), whereas in humans, the, 920–928, June 4, 2013 ª2013 Elsevier Ltd All rights reserved 925
Figure 6. Model for Interactions of the eIF3 PCI/MPN Octameric
Core with eIF3j and Initiation Factors eIF1 and eIF1A on the 40S
Ribosomal Platform
The position of the PCI/MPN octamer relative to the 40S subunit is based on
that in Siridechadilok et al. (2005). The positions of eIF1 (blue surface) and
eIF1A (orange surface) are based on the X-ray crystal structure of the eIF1/40S
complex (Rabl et al., 2011) and directed hydroxyl radical probing experiments
of eIF1A bound to the 40S subunit (Yu et al., 2009). The flexible N- and
C-terminal extensions of both factors reaching the decoding center are de-
picted using the same color code. eIF3j is represented by purple dots going
along the eIF3 complex and reaching eIF1A. Subunits within the eIF3 core,
which interact with eIF3j, are explicitly indicated. Inferred flexibility of eIF3a
and eIF3c subunits is indicated by the green line and green arrow.
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Architecture of Translation Initiation Factor 3C-terminal 16 amino acids of subunit j are cleaved off by caspase
3 during apoptosis (Bushell et al., 2000), suggesting a biological
significance for this region. Notably in humans, subunit j nega-
tively regulates the binding of mRNA to the mRNA binding cleft
in the 40S subunit by occupying the mRNA decoding site with
its C-terminal tail (Fraser et al., 2004, 2007). Formation of the
intact 43S preinitiation complex with mRNA bound does not fully
displace eIF3j from the mRNA entry channel (Fraser et al., 2007),
possibly due to the interaction of the C-terminal region of subunit
j with the c* region of eIF3 (Figure 5F) or interactions between
other regions of eIF3 and the N-terminal region of subunit j.
The interactions of subunit j with the octameric core may also
play important roles in stabilizing eIF3 binding to the 40S subunit
(Fraser et al., 2004; Unbehaun et al., 2004). Notably, the interac-
tions of subunit j with the core are much tighter than its interac-
tions with subunit b (Figure 5D) (ElAntak et al., 2007; Sun et al.,
2011). Future experiments will be required to delineate the spe-
cific roles in humans of the relatively high-affinity interactions be-
tween eIF3j and the octameric core and the weaker interaction of
eIF3j with eIF3b.
Translation initiation factors eIF1 and eIF1A play important
roles in the stringency of start codon selection, in part mediated
by their interactions with eIF3. Although the details of eIF1 inter-
action with the N-terminal domain of subunit c have been delin-
eated in yeast (Karaskova et al., 2012; Vala´sek et al., 2004), the926 Structure 21, 920–928, June 4, 2013 ª2013 Elsevier Ltd All rightsadditional interactions of eIF1 with the eIF3 octameric core, and
the interaction of the N-terminal extension of eIF1A with eIF3
(Olsen et al., 2003) were not fully understood. We now show
that eIF1 has an additional interaction with subunit c* in the
human octameric core and also binds to a*. Furthermore,
eIF1A binds to both the a* and c* subunits in the octameric
core. Based on the position of the a* and c* in the left arm and
head of eIF3, respectively, these subunits are well positioned
to direct subunits eIF1 and eIF1A into the intersubunit space of
the 40S subunit, where they function in modulating the confor-
mation of the 43S preinitiation complex during mRNA scanning
and start codon selection (Algire et al., 2005; Karaskova et al.,
2012; Maag et al., 2005; Martin-Marcos et al., 2011; Olsen
et al., 2003; Passmore et al., 2007; Pestova and Kolupaeva,
2002; Vala´sek et al., 2004).
The structural and biochemical results presented here pave
the way for future efforts to understand the multiple roles of
eIF3 in the assembly of the 43S preinitiation complex and subse-
quent steps of translation initiation.EXPERIMENTAL PROCEDURES
Sample Preparation and Biochemical Assays
In Vitro Reconstitution of Tagged eIF3 Octamer Subcomplexes
All eIF3 subunits were cloned into different transfer vectors as described in
Table S1. Expression and purification of complexes containing tagged ver-
sions of the individual subunits fused to either maltose-binding protein
(MBP) or glutathione S-transferase (GST) are described in the Supplemental
Experimental Procedures (see also Table S2).
Expression, Purification, and Native Gel Shift Assays of eIF3j
Truncations
GST fusions of eIF3j truncations were constructed, expressed, and purified as
described in the Supplemental Experimental Procedures. Details describing
fluorescent labeling with Alexa Fluor 546 C5-maleimide and native gel shift
assays with purified eIF3 octamer are also provided in the Supplemental
Experimental Procedures.
eIF1 and eIF1A Pull-Down Assays
Purification of a*c* dimer was done as previously described (Sun et al., 2011).
The His-tagged a* or c* monomers were purified through Ni-affinity chroma-
tography. After purification, the His-tag was cleaved with TEV protease.
Proteins were further purified as described in the Supplemental Experimental
Procedures. eIF1A or eIF1 pull-down assays were performed as described
previously (Sun et al., 2011).Electron Microscopy
eIF3 Subunit Localization
Negatively stained specimens were prepared as described previously (Sun
et al., 2011). Data were acquired using a Tecnai T12 electron microscope
operating at 120 keV using the Leginon automated data collection software
(Suloway et al., 2005) at a nominal magnification of 50,0003 in low-dose
mode, using a defocus range from 0.5 to 1.5 mm.
Cryoelectron Microscopy
We used 400-mesh C-flat grids containing 2 mm holes with a spacing of 2 mm
(Protochips, Raleigh, NC, USA) that were glow discharged in a nitrogen atmo-
sphere for 45 s using an Edward Carbon Evaporator. Grids were immediately
loaded into a Vitrobot (FEI Company, Hillsboro, OR, USA) whose climate
chamber had equilibrated to 4C and 100% humidity. Aliquots (4 ml) of the
purified sample were placed onto the grids. The grids were blotted for 3.5 s
at an offset of 1 mm and plunged into liquid ethane. Because certain views
of the eIF3 core particle were missing for the samples using holy grids, the
purified complex was also frozen using grids onto which a thin carbon film
was floated. Data were acquired using a Tecnai F20 electron microscope
operating at 120 keV at a nominal magnification of 100,0003 using a dose
of 20 e-/A˚2 and a defocus range from 0.5 to 1.5 mm.reserved
Structure
Architecture of Translation Initiation Factor 3Image Processing
Two-dimensional data processing was performed using programs and utilities
contained within the Appion processing environment (Lander et al., 2009).
After some initial preprocessing, particle image stacks were subjected to
several rounds of reference-free two-dimensional classification by iterative
multivariate statistical analysis and multireference alignment (MSA-MRA)
using IMAGIC (van Heel et al., 1996).
The cryo-EM reconstruction was performed using an iterative projection
matching approach in EMAN2 (Ludtke et al., 1999; Tang et al., 2007). As an
initial reference, we used the negative-stain structure of the human eIF3
core we previously solved (Sun et al., 2011), filtered to 60 A˚ resolution. The final
overall resolution was estimated to be 15 A˚ based on the 0.5 FSC criteria (Fig-
ure S1). Additional details can be found in the Supplemental Experimental
Procedures.ACCESSION NUMBERS
The cryo-EM map of the eIF3 PCI/MPN octameric complex has been depos-
ited in the Electron Microscopy Data Bank under the accession code
EMD-2166.SUPPLEMENTAL INFORMATION
Supplemental Information includes two tables, three figures, and Supple-
mental Experimental Procedures and can be found with this article online at
http://dx.doi.org/10.1016/j.str.2013.04.002.
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